An expanded theory based on the hydrogen-bond configuration has been applied to compounds with the structure analogous to the surface in adsorbents, ketone and the systems of ketone/aromatic alcohol. The melting temperature depression of pure crystal and co-crystal of the systems were well reproduced by the theory. The analysis revealed the hydrogen-bond characteristics of the systems and predicted negative mixing heats.
INTRODUCTION
Activated carbons are widely used as adsorbents in the purification processes of gas, water and organic solvents [1] . Oxidized activated carbons are used as catalysis [2] and adsorbents of water [3] . Their application is governed by the high surface area, the developed pore structure and the surface chemistry [2] [3] [4] [5] . The surface chemical heterogeneity is due to the presence of heteroatoms such as oxygen, nitrogen, hydrogen, phosphorus, and sulfur. The amount of these atoms present in the carbon matrices depends on the origin of carbon, the method of activation, and the oxidizing agents [2, 3, 6] . The most important heteroatoms in activated carbons is oxygen which is usually bonded to peripheral carbon atoms at the edges of the crystallites. The structures are analogous to organic compounds. The most common functional groups are carboxylic, carbonyl and hydroxyl groups [2] , which play an important role in adsorption from gases and solutions. The mechanism of water adsorption was originally proposed by Dubinin and Serpinsky [7, 8] . Their interpretation of the experimental data is based on the interactions of water molecules with oxygen groups present on the activated carbon surface. They proposes that water is first adsorbed on the primary adsorption sites, functional groups containing oxygen, by hydrogen (H)-bond. This process is followed by adsorption on the secondary site, adsorbed water molecules, via H-bond.
H-bonds are the most important interactions encountered in gas, liquid and solid phases, and play a crucial role in many chemical and biological processes [9] [10] [11] . Recently, supramolecular structures formed by the H-bonds have been applied to developments of ferroelectrics [12] , organic luminescence materials [13] and gas storage [14] . For such applications, analysis of the H-bond characteristics of simple systems may give a key to understand those of complex systems. In our previous work [15] , we reproduced mixing heats and phase diagrams for a number of systems, and revealed the H-bond characteristics of systems of alcohol/alcohol. In this paper, the theory based on the H-bond configuration has been expanded to reproduce the crystal-liquid phase diagram of systems of ketone/aromatic alcohol and to reveal the H-bond characteristics of compounds analogous to structure of adsorbent, ketone and the systems of ketone/aromatic alcohol, which contain carbonyl and hydroxyl groups.
A co-crystal has been frequently observed in the systems of ketone/aromatic alcohol [16] . On the other hand, the mixing heats of the systems have not been reported, as far as we know. The present theory can reproduce the phase diagrams for the co-crystals and predict the mixing heats by parameters used for fitting to melting temperature (T m ) depression of the pure crystal.
THEORY
Ketone has a proton (P)-acceptor but without P-donor, and no H-bond in pure state. Alcohol has both P-acceptor and P-donor, and H-bond in pure state. When alcohol is dissolved in ketone, the P-donors of alcohol can approach not only the P-acceptors of alcohol but also those of ketone. This increase of H-bond configuration available to alcohol produces a large mixing entropy as shown in our previous work [15] . In the solution, ketone can use not only the space occupied by ketone but also that occupied by alcohol. This increase of space configuration available to ketone also produces the large mixing entropy. If we approximate the Flory-Huggins type mixing entropy, we can derive the mixing entropy of ketone (component-1) and alcohol 
where R is the gas constant, n i is the number of moles of component-i, and i  is its volume fraction. s 1 is defined as the average number of the H-bond-free P-acceptors of component-1. s 2 is defined as the average number of the H-bond-free P-acceptors of component-2, when the H-bonds are formed between the P-acceptors and the P-donors of component-2. s ic is defined as the average number of the H-bond-free P-acceptors of component-i, when the H-bonds are formed between the P-acceptors of component-1 and the P-donors of component-2. γ ic is the correction parameter to the intra-molecular geometric factor of P-acceptor of component-i due to the H-bonding between component-1 and component-2. γ 12 is the geometric factor of P-acceptor of component-1 against P-donor of component-2. n 10 is the number of moles of component-1 without H-bond. n 1c is the number of moles of component-1 with H-bond between component-1 and component-2. n 20 and n 2c are the number of moles of component-2 with H-bond between component-2 and component-2, and between component-1 and component-2, respectively. The method of calculation of n i0 and n ic were presented in our previous work [15] . In eq. 1, the first term and the second term contribute to the space configuration available to component-1 (ketone) and the H-bond configuration available to component-2 (alcohol), respectively.
When component-1 and -2 are mixed, the contribution from the molecular contact [17] is approximated as (2) where v lattice is the volume of one lattice site, r i is the number of the lattice sites that one component-i molecule occupies, and δ ii is the H-bonds-free solubility parameter [15] , which is the contribution from only the molecular contact and does not contain the contribution from H-bond energy.
The mixing H-bond energy is expressed as 
where HB ij  are the molar H-bond energy between P-acceptor of component-i and P-donor of component-j. m 1 is the effective number of P-acceptors of component-1 (ketone). In eq. 3, the first and the second terms are the energy to maintain the cooperation due to the H-bonds between alcohol and alcohol and between ketone and alcohol, and the third and the fourth terms are the energy to break the cooperation due to the H-bonds and to make the H-bonds in proportional to the number of the H-bond-free P-acceptors [15] .
In analogy with the analysis of the systems of alcohol/alcohol [15] , T m depression of a co-crystal is used for the fitting to crystal-liquid phase diagram of the systems of ketone/aromatic alcohol. It is expressed as
where T mc is the maximum of T m of the co-crystal, c i is the mole fraction of component-i in the co-crystal, the superscript c indicates the chemical potential in the mixture with the composition of c 1 /c 2 and ΔH mc is the melting heat of the co-crystal. According to the definition, the value of c i is defined as the mole fraction of component-i at the maximum of T m of the co-crystal.
In the present analysis, the parameters for each alcohol, s 2 and HB 22  , were determined from the analysis of the systems of alcohol/alcohol [15] . m 1 for each ketone was set as 2. s 2 for each ketone was also set as 2, because of no H-bond in pure state. In analogy with our previous analysis [15] , the H-bond energy between ketone and aromatic alcohol, HB 12  , were estimated from the shift of OH stretching in IR spectroscopy and shown in TableⅠ.
TableⅠ Hydrogen-bond energy between P-acceptor of ketone and P-donor of aromatic alcohol.  , and s 2c , γ 1c and γ 2c depend on s 1c . We assumed that the number of H-bonds between ketone and alcohol is proportional to the probability of forming H-bond between ketone and alcohol, that is, γ 12 , is inversely proportional to s 1c. Fig. 1 The crystal-liquid phase diagram of systems of acetone/aromatic alcohol. The systems are acetone/phenol (■), acetone/catechol (○) and acetone/ hydroquinone (•) [16] . Transactions of the Materials Research Society of Japan T. Seki et al.
35 [3] 627-630 (2010) Fig. 2 The crystal-liquid phase diagram of systems of acetophenone/aromatic alcohol. The systems are acetophenone/phenol (•), acetophenone/catechol (■), acetophenone/hydroquinone (▲), acetophenone/ α-naphtol (○) and acetophenone/β-naphtol (□) [16] . Fig. 3 The crystal-liquid phase diagram of systems of benzophenone/aromatic alcohol. The systems are benzophenone/phenol (•), benzophenone/catechol (■), benzophenone/hydroquinone (▲), benzophenone/ α-naphtol (○) and benzophenone/β-naphtol (□) [16] .
As shown in Figs. 1-3 , the co-crystals are observed in the systems of ketone/aromatic alcohol except for the systems of acetophenone/phenol, benzophenone/ catechol, benzophenone/hydroquinone, benzophenone/ β-naphtol. In figures, the T m depressions of pure crystal and co-crystal were reproduced by the black lines and the gray lines, respectively. They were calculated by using the parameters in Tables Ⅱ-Ⅳ. The mole fraction of aromatic alcohol (component-2) at the maximum of the melting temperature of those is 0.5 except for the systems of acetone/phenol (0.67), acetophenone/ hydroquinone (0.33) and benzophenone/hydroquinoe (0.33). The melting heats of the co-crystal used for the fitting is about 15 kJmol -1 for each system. The eutectic meltings were observed in the systems of benzophenone/α-naphtol and benzophenone/β-naphtol, which are reproduced by straight lines in Fig. 3 The mixing heats of the systems of ketone/aromatic alcohol have not been reported, as far as we know. Those predicted from eqs. (2) and (3) in the present analysis are largely negative (about 1 kJmol -1 at x 2 =0.5) , which arises from the small difference in the H-bond energy between ketone/aromatic alcohol and aromatic alcohol/aromatic alcohol (19 kJmol -1 [15] ). They suggest that the compatibility between ketone and aromatic alcohol is excellent.
In Tables Ⅱ-Ⅳ , the intermolecular geometric factor γ 12 is below 0.9, except for acetone/catechol. This suggests that catechol is highly compatible to acetone. In our previous work [15] , the high compatibility of catechol was explained, because the P-acceptors of that are fully used in its pure state. s 1c is slightly smaller than s 1 , which means that the numbers of H-bonds between ketone and aromatic alcohol are little. s 2c is slightly larger than s 2 , which means that there is little change in the number of H-bonds between the P-accepter and the P-donor of aromatic alcohol, when the pure liquid state of aromatic alcohol is compared with the solution state of ketone/aromatic alcohol. γ 1c and γ 2c are close to unity, which means that the probability of forming the H-bond is hardly influenced by H-bonding between different kinds of molecules.
CONCLUSION
The expanded theory based on the H-bond configuration simultaneously reproduced the T m depressions of pure crystal and co-crystal of the systems of ketone/aromatic alcohol. The analysis revealed the H-bond characteristics of ketone and the systems of ketone/aromatic alcohol, and predicted largely negative 
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mixing heats, which indicate that that the compatibility between ketone and aromatic alcohol is excellent. This arises from the small difference in the H-bond energy between ketone/aromatic alcohol and aromatic alcohol/aromatic alcohol, although the results presented in application of the present theory show H-bonds between ketone and aromatic alcohol are little.
Adsorbents having carbonyl and hydroxyl groups in solutions containing ketones and aromatic alcohols are one of promising materials. The present theory based on H-bond configuration might be expanded and give an interpretation of the selective adsorption on the functional groups.
